Abstract Certain medications exhibit sex-specific pharmacological profiles. It is, therefore, imperative to understand their unique pharmacokinetic properties to optimize women's health. Two such medications that are commonly used in sleep medicine are zolpidem and modafinil/armodafinil. The first is a sedative hypnotic while the latter, in both its incarnations, a wakepromoting agent. The slower clearance of these medications and higher serum concentrations after dosing in women are independent of weight and have to do with the impact of estrogen on the liver enzymes involved in the metabolism of these medications. Below, we summarize and discuss the data that is available on the sexspecific dosing of zolpidem, which in women, by FDA recommendations, is half of what is recommended in men. We also discuss the reasons behind the interaction of hormonal birth control and modafinil/armodafinil and rate of contraceptive failure when hormonal birth control is used with this wake-promoting agent.
Introduction
To optimize clinical care of women with sleep disorders, it is critical to take into account the unique effects that some medications used to treat sleep disorders have on women. To illustrate this important aspect of gender-specific medicine, the review below highlights two medications commonly used to treat sleep disorders that have unique, sex-dependent pharmacological profiles. These are the insomnia medication zolpidem, and the wakefulness-promoting medications modafinil and its R-isomer armodafinil. Zolpidem is a benzodiazepine receptor agonist that binds to the GABA-A receptor [1] . It is one of the most commonly prescribed sedative hypnotics and is available in four formulations: immediate-release tablets (5 and 10 mg), controlled-release tablets (6.25 and 12.5 mg), sublingual dissolvable wafers (1.75 and 3.5 mg), and oral inhaler (5 mg per spray) [1, 2] . Multiple trials have demonstrated zolpidem's efficacy in shortening sleep latency and improving subjective sleep, sleep efficiency, and continuity [1] . Most trials have demonstrated that its hypnotic effects are superior to placebo and some have shown equivalency to traditional benzodiazepines [1] . Zolpidem has demonstrated sustained efficacy over nightly use for a year without rebound or withdrawal symptoms upon cessation of treatment [3] . Zolpidem use has been associated with a number of adverse effects. These include sedation, dizziness, incoordination, nausea, headache, sleepwalking, sleep eating, and other complex behaviors, and it has abuse potential [4] [5] [6] [7] [8] .
Modafinil and armodafinil are unique wake-promoting agents. Their specific mechanism of action remains unknown but a non-noradrenergic, dopamine-dependent adrenergic signaling mechanism has been proposed [9] . Both modafinil and armodafinil are indicated and proven effective in treating excessive daytime sleepiness in the setting of narcolepsy [10, 11] , shift work disorder [12, 13] , and obstructive sleep apnea [11, 14] . Both drugs have lower abuse and dependence potential than the traditional stimulants [15] but cases of modafinil/ armodafinil dependence have been reported in the medical literature [16] . Their adverse event (AE) profile is favorable, and the only significantly related AEs include headache, nausea, anxiety or nervousness, insomnia, and dizziness [17] .
In this article, we review the sex-specific issues associated with the pharmacological profiles of these drugs and discuss how consideration of these issues can play a role in optimizing clinical care.
Sex Differences in Zolpidem Pharmacokinetics
Of the medications used to treat insomnia, there is only one, zolpidem, where it has been reported that there are differential effects in men and women that are clinically important. Because this medication is the most commonly prescribed medication for the treatment of insomnia, this sex-based difference has the potential to have a significant impact on public health. It has been reported since 2000 that weight-normalized zolpidem clearance is lower in females compared with that in males 18. Since that time, this differential clearance has been demonstrated in terms of serum levels of zolpidem (pharmacokinetics) as well as in pharmacodynamic parameters including greater next-day driving impairment and the induction of sleep spindle activity in non-REM sleep [18] [19] [20] [21] [22] . The clinical implications of this difference are that for a given dose of zolpidem, women eliminate the drug more slowly and, as a result, have greater therapeutic and adverse effects than men. Because the effect is related to clearance of the molecule zolpidem from the blood, this sex-based difference is relevant for all formulations of zolpidem including the immediate-release version (original branded name Ambien in the USA), the controlled-release version (brand name Ambien CR), the orally absorbed version (brand name Intermezzo), the intranasally administered version (brand name Zolpimist), and the orally dissolving formulation (brand name Edular).
The mechanism responsible for the sex difference in the pharmacokinetics of zolpidem has not been fully characterized. The key steps in the metabolism of zolpidem, which must be responsible for this difference, are as follows: hydroxylation of zolpidem by the cytochrome p450 3A4 isoenzyme (CYP3A4), oxidation by alcohol dehydrogenases, and conversion to a carboxylic acid by aldehyde dehydrogenases [23] . CYP3A4 is unlikely to be responsible for the observed sex difference in zolpidem pharmacokinetics as this isoenzyme has greater activity in females than that in males [23] . There is, however, some evidence that the sex difference in pharmacokinetics may be due to relatively lower expression of alcohol dehydrogenases and aldehyde dehydrogenases in women. This includes that androgens appear to affect the expression of alcohol dehydrogenases and aldehyde dehydrogenases resulting in lower gastrointestinal tract expression in women [23] . There is also evidence from a recent study in rats indicating that castration and the administration of an alcohol dehydrogenase and aldehyde dehydrogenase pathway inhibitor both led to comparable elevations in maximum concentration, time to maximum concentration, and area under the curve of serum level over time as seen in female rats [23] .
Clinically, the relatively lower clearance of zolpidem in women should dictate that a lower zolpidem dosage should be used in women compared with that in men. Indeed, this is the recommendation of the U.S. FDA as communicated via a 2013 BSafety Announcement,^which occurred in conjunction with changing the labeling to ensure that all forms of zolpidem had recommended dosages that were lower for women [24] . The relevant section of the BSafety Announcement^appears below:
FDA urges health care professionals to caution all patients (men and women) who use these zolpidem products about the risks of next-morning impairment for activities that require complete mental alertness, including driving. For zolpidem products, data show the risk for next-morning impairment is highest for patients taking the extended-release forms of these drugs (Ambien CR and generics). Women appear to be more susceptible to this risk because they eliminate zolpidem from their bodies more slowly than men. Because use of lower doses of zolpidem will result in lower blood levels in the morning, FDA is requiring the manufacturers of Ambien, Ambien CR, Edluar, and Zolpimist to lower the recommended dose. FDA has informed the manufacturers that the recommended dose of zolpidem for women should be lowered from 10 mg to 5 mg for immediate-release products (Ambien, Edluar, and Zolpimist) and from 12.5 mg to 6.25 mg for extended-release products (Ambien CR). FDA also informed the manufacturers that, for men, the labeling should recommend that health care professionals consider prescribing the lower doses-5 mg for immediaterelease products and 6.25 mg for extended-release products (see Dosing Recommendations). The recommended doses of Intermezzo, a lower dose zolpidem product approved for middle-of-the-night awakenings, are not changing. At the time of Intermezzo's approval in November 2011, the label already recommended a lower dosage for women than for men.
Clinicians should take the sex-based differential clearance of zolpidem into account in their clinical practices to ensure the safety of women treated with zolpidem. This is best done by starting with the lowered FDA-recommended dosages in women and also warning women that even at these dosages, they may experience some next-day adverse effects. For the immediate-release version of zolpidem, if such next-day adverse effects occur, the clinician can recommend that the dosage can be further lowered by breaking the pill in half. This should not be done with other formulations of zolpidem. When adverse effects occur in women with the starting dose of these formulations, a switch to another agent is indicated.
Sex Differences in the Pharmacokinetics of Modafinil and Armodafinil and the Effects of These Agents on Hormonal Birth Control
Modafinil and armodafinil (the R-isomer of the racemic modafinil) are both metabolized hepatically through the cytochrome-P450 system (CYP) and are moderate inducers of the isoenzymes CYP2C10, CYP2B6, CYP1A2, and CYP3A4 [25, 26] . Both drugs also have different pharmacokinetics in men vs. women. The mean value of peak plasma concentration (C max ) is significantly higher in women than that in men 5.2 vs. 4.2 mg/L (p < 0.05) after a single 200-mg dose of modafinil [27] . This difference remains valid ever after correction for body weight (0.88 vs. 0.72 ml/ min/kg) [25] . The clearance of the drugs is 30 % higher in men than that in women, and plasma concentrations after a single dose are significantly higher in women than those in men [28] . The clearance of central compartment or rapid c l e a r a n c e ( C L 1 ) w a s 2 5 . 5 % h i g h e r i n m e n , intercompartmental clearance or slow clearance (CL2) was 35.4 % higher, and peripheral volume distribution (V2) was 27.8 % higher in men [28] . In a population pharmacokinetics trial, 50 healthy, young (mean age 22.4) men and women (M/F 1:1) were given a single 200-mg dose of modafinil. Participants continued fasting for 2 h after administration. The mean BMI of the study group was 21.9 kg/m 2 . All women were in their luteal phase. During the test period, all the subjects were closely monitored and received a uniform diet. Blood samples were collected at t = 0, 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 24, 36, and 48 h after the single modafinil dose [28] . Women also had higher plasma concentrations of modafinil than men, and the difference reached statistical significance with a p < 0.01 [26] . Estrogen and other sex hormones also are metabolized through and interact with the CYP system [29] . Therefore, exogenous hormone intake may interact pharmacokinetically with modafinil or armodafinil. Hormonal contraception use among women is on the rise. According to the Guttmacher Institute, in 2012, 22 % of women between the ages of 15 and 44 used a form of hormonal contraception. These include oral contraceptive pills, the vaginal rings, injectables, implants, and patches [30] . In 2013, the CDC reported that from 1982 to 2008, with the advent of alternatives to the pill (i.e., ring, patch, and implant), the proportion of hormonal contraceptive use has increased [31] . In 1982, 76.3 % of sexually active women between the ages of 15 and 44 reported ever having used the pill while none reported using the ring, the patch, the injectables, or the implant primarily because they were not available then. In 2008, 82.3 % of the same demographics reported ever using the pill and 6.3 % reported ever using the ring, 10 % the patch, 22 % the injectables, and 1.4 % the implant [31] .
Given the prevalence of hormonal contraception use, it is likely that most women of child-bearing age who will be started on modafinil or armodafinil will be using this particular method of birth control. The risk of reduced efficacy and increased clearance is not only theoretical based on the fact of common enzymatic pathway of metabolism. There is also practical data from human studies showing that the decrease of birth control efficacy is a real possibility with modafinil/ armodafinil.
In a placebo controlled single-blind study, 41 healthy female subjects on an oral contraceptive containing ethinyl estradiol and norgestimate were randomized either to modafinil (200 mg for 7 days and 400 mg for 21 days) or placebo for 28 days. Those in the modafinil arm exhibited 18 % decrease in ethinyl estradiol AUC (0-τ) and 11 % decrease in ethinyl estradiol C max [32] .
In a large survey of general practitioners (GP) in the UK, 599 girls and women were identified as having been placed on modafinil for a variety of indications. Out of these, 223 were of child-bearing age and 97 were using hormonal contraception. Three of these 97 reported unplanned pregnancies while compliantly taking hormonal contraception [33] .
As a result of these two studies, both modafinil and armodafinil include a warning in their package inserts about the potential interaction between these two medications and hormonal birth control.
Since both modafinil and armodafinil are pregnancy category C, it is important to prevent unexpected pregnancies in patients on modafinil and armodafinil. Women tend to have higher concentrations of these medications as well as slowed clearance [34] . This allows for higher chance of interaction with hormonal contraception. Therefore, it is imperative to increase awareness among clinicians prescribing these drugs of this interaction, and it is equally essential for them to advise their patients of the potential failure of hormonal contraception.
Practitioners prescribing modafinil or armodafinil to women on hormonal contraception should advise their patients of the need to use alternate or supplemental methods of birth control. One alternative is to switch from their contraceptive method to an intrauterine device or an IUD. Another is to use an additional barrier method such as a diaphragm or a condom. By avoiding hormonal contraception, women on armodafinil or modafinil will avoid the risk of accidental pregnancy.
Discussion and Conclusions
The above discussions of zolpidem and modafinil/armodafinil illustrate the need for a sex-specific mindset while pharmacologically treating sleep disorders in adults. Even while treating sleep disorders that are not due to hormonal changes or life circumstances specific to women (such as pregnancy and menopause), sex and gender can play a major role in patients' response to treatment. Because of differential metabolism of zolpidem, it is essential that women be started on the lower dose of whichever formulation is chosen. These include 5 mg of zolpidem, 6.25 mg of zolpidem CR, and 1.75 mg of sublingual zolpidem. To those women of child-bearing age taking a form of hormonal contraception other than an IUD who need modafinil/armodafinil for OSA-related residual fatigue, shift work disorder, or a primary hypersomnia [35] , and sometimes for the treatment of MS related fatigue [36] a thorough education on the interaction between these drugs and their hormonal birth control must be provided. In addition, it should be recommended that they use a barrier method or switch to an IUD or other non-hormonal contraceptive modalities. Zolpidem and modafinil/armodafinil also illustrate the importance of characterizing sex differences in the pharmacokinetics and pharmacodynamics of all medications and incorporating these characterizations into practice. Zolpidem is a particularly notable case of a lag in incorporation into practice. Data on the sex difference in pharmacokinetics were first published in 2000. However, it was not until the 2013 FDA BSafety Announcement^that this difference attracted the widespread attention of practitioners and was applied in the routine treatment of patients. Hopefully, with systematic collection and incorporation of data on sex differences, we can eliminate such time lags with newly emerging and future medications.
